Abstract-This paper outlines the calculations required to estimate the maximum potential revenue from participation in arbitrage and regulation in day-ahead markets using linear programming. Then, we use historical Electricity Reliability Council of Texas (ERCOT) data from 2011-2013 to evaluate the maximum potential revenue from a hypothetical 32 MWh, 8 MW system. We investigate the maximum potential revenue from two different scenarios: arbitrage only and arbitrage combined with regulation. This analysis was performed for each load zone over the same period to show the impact of location and to identify trends in the opportunities for energy storage. Our analysis shows that, with perfect foresight, participation in the regulation market would have produced more than twice the revenue compared to arbitrage in the ERCOT market in 2011-2013. Over the last three years, there has been a significant decrease in the potential revenue for an energy storage system. We also quantify the impact of location on potential revenue.
I. INTRODUCTION Regardless of the application or benefit, in deregulated electricity markets storage is ultimately only as valuable as the revenue stream generated by the storage device. This revenue stream comes from participating in markets for energy and ancillary services (e.g. frequency regulation, operating and contingency reserves) [1] . In regulated regions, vertically integrated utilities must invest in technologies that provide reliable electricity to the consumer at the lowest cost. In this scenario, electricity storage must be compared to the cost of competitive technologies that provide the capabilities required by the utility. An additional source of revenue is government incentives designed to guide future investment decisions based on the public good.
The two potential revenue streams considered in this paper are energy arbitrage and participation in the regulation market. Arbitrage involves purchasing (charging) energy when prices are low, e.g. during times of low demand, and selling (discharging) energy when prices are high, e.g. during times of peak demand.
Regulation up (RegUp) and down (RegDown), sometimes combined into a single regulation product, are ancillary services designed to maintain frequency stability. If the load increases while generation is held constant, the frequency will drop. In order to maintain tight tolerances on the frequency, generation must be constantly dithered so that load and generation are equal. Depending on the market, a balancing authority or vertically integrated utility will control generation on a second by second basis to track the load. The balancing authority must reserve enough regulation capacity to meet expected variations in load. Current practice is to reimburse regulation providers based mainly on capacity reserved along with compensation for any electricity that is purchased or sold.
Motivated by FERC order 755 [2] , the industry is evolving towards "pay for performance" where compensation is based on the amount of work performed by a device, i.e., payment must reflect the device's accuracy when following a regulation signal. ERCOT, though not under the jurisdiction of FERC, is contemplating the introduction of a the Fast Responding Regulation Service (FRRS) in response to order 755 [3] , [4] . A summary of the results of the pilot program are found at [5] . The analysis in this paper is based on the current remuneration methodology in ERCOT, but can be easily modified to accommodate compensation schemes arising from FERC order 755. This paper outlines a framework for calculating the maximum revenue from an electricity storage system that participates in a day-ahead market, i.e., energy arbitrage, and in a regulation market. The approach is designed to calculate the "best-case" scenario using historical data to simulate operation with perfect day-ahead energy and reserve price forecasts. This "best-case" scenario calculation is critical because it provides an upper bound on the revenue that can be collected by a storage facility and can be used to score other trading strategies. Hence, it is useful in estimating an upper bound for the value of an storage facility. Cost data is required to perform a cost-benefit analysis for a particular system and location. Information on the capital and operational costs of different energy storage technologies may be found in [6] . It should also be noted that this approach is only valid for scenarios where the size of the storage is such that it does not impact market prices. For large systems that might impact the market, a production cost modeling approach must be implemented.
Our approach formulates the revenue maximization problem as a linear program. The energy storage model and optimization formulation builds on the results in [7] , where the authors present a stochastic framework for the valuation of electricity storage. Revenue from energy arbitrage and the regulation ancillary services market are only two of the potential benefits of electricity storage devices. A complete review of potential revenue streams is outlined in [8] , [9] . An early summary of potential arbitrage revenue in various markets is found in [10] .
Previous results using this approach were presented in [11] , [12] . The algorithm, results for CAISO data (including a sensitivity analysis for each parameter), and results for several implementable trading algorithms appear in [11] . ERCOT results for a single node, two years of data, and implementable trading algorithms are presented in [12] . This paper considers all nodes in ERCOT over a 3 year period to look at the impact of location and to identify longer term trends. While this paper only considers maximum potential revenue using perfect knowledge, previous efforts have included results for implementable trading algorithms that address price uncertainty. Using relatively simple algorithms, it is possible to harvest a significant fraction of the maximum potential revenue, e.g. typically greater than 85% [11] , [12] . This report is organized as follows: Section II presents the energy storage model that is used throughout this paper. Section III provides the revenue maximization problem formulation. Section IV presents results for a hypothetical 32 MWh, 8 MW energy storage system located in each load zone. Concluding remarks are found in Section V.
II. ELECTRICITY STORAGE MODEL
The key parameters that characterize a storage device are: 1) Power Rating: [MW] The maximum power of the storage device (charge and discharge).
2) Energy Capacity: [Joules or MWh] The amount of energy that can be stored.
3) Efficiency:
[%] Efficiency can be broken down into two components: conversion efficiency, γ C , and storage efficiency, γ S . Conversion efficiency describes the losses encountered when input power is stored in the system. Storage efficiency describes the time-based losses in a storage system.
4) Ramp Rate:
[MW/min] the ramp rate describes how quickly the storage device can change its power level.
For the analysis in this paper, we are concerned with the quantity of energy charged or discharged during each time period for each potential activity (e.g. arbitrage or regulation). For arbitrage, the device will maintain a constant output power over each time period. For regulation, it is assumed that the device is capable of tracking the regulation signal. We also assume the ramping time is negligible (i.e., energy storage ramp rates are high). If the ramp rate is slow compared to the time period this approximation does not hold and a model that incorporates ramp rate must be employed.
The parameters in Table I are those involved in storage system constraints. Thus, the maximum quantity that can be sold/discharged in a single period is equivalent to:
Likewise, the maximum quantity that can be bought/recharged in a single period is equivalent tō
For a storage device that provides only one service there are two decision variables in the optimization: the energy sold q D t (discharged) at time t, and the energy purchased q R t (recharged) at time t in MWh. They are assumed to be nonnegative quantities. In this case, the state of charge (SOC) S t at any time t is given by:
which states that the SOC at time t is the SOC at time t − 1 adjusted for storage losses plus any net charging (adjusted for conversion losses) minus the quantity discharged during t. Additional constraints include:
For a device that is participating in arbitrage and the regulation market, a few additional parameters must be added into the storage device model. Additional decision variables to handle separate RegUp and RegDown markets are: the energy offered into the RegUp market q RU t at time t, and the energy offered into the RegDown market q RD t at time t in MWh. These decision variables are assumed to be non-negative quantities. In regulation markets, there is no guarantee that the capacity reserved will actually be deployed.
In order to quantify the change in SOC from participation in the regulation market, it is useful to define the RegUp efficiency γ ru as the fraction of the RegUp reserve capacity that is actually deployed in real-time (on average). Similarly, the RegDown efficiency γ rd is the fraction of the RegDown reserve capacity that is actually deployed in real-time (on average). In the actual operation of a storage system, γ ru and γ rd will vary over each time interval. To formulate the problem as an LP optimization, a known value must be employed, so the average value should be used. Typically, the optimization solution is not sensitive to the choice of γ ru and γ rd , so the uncertainty in these parameters does not significantly impact the accuracy of the results. A sensitivity analysis is presented in [11] . Thus, the SOC at time t for a device participating in arbitrage and regulation is given by:
And it is complemented by the following constraints:
Participating in RegDown provides the opportunity to increase the SOC subject to the RegDown efficiency and the conversion efficiency. Participation in RegUp provides the opportunity to decrease the SOC subject to the RegUp efficiency. The quantities allocated to RegUp and RegDown reduce the maximum potential quantities allocated to arbitrage subject to the charge/discharge constraints of the device.
III. MAXIMIZING STORAGE REVENUE
The problem of maximizing revenue from an energy storage device is naturally formulated as an LP optimization problem [13] . Next, the energy storage model presented above is combined with a cost function to maximize the revenue in two different scenarios: arbitrage and arbitrage combined with participation in the regulation market.
A. Arbitrage
The objective function when the storage unit participates only in arbitrage is given by: (11) where P t is the price of electricity (LMP) at time t in ($/MWh), C d is the cost of discharging at time t in ($/MWh), C r is the cost of recharging at time t in ($/MWh) and r is the interest rate over one time period. This model assumes continuous compounding. Discrete compounding could have easily been used if it were deemed more applicable for the expected scenario. The relationship between continuous and discrete compounding is well known, and expressed by
Where r is the interest rate and k is the number of compounding periods. Note that the discounting term e rt is a multiplicative constant at each time interval, and therefore does not add a nonlinear term. For this analysis, the cost terms are assumed to be 0. If there are costs associated with charging or discharging (e.g. the system has a limited cycle life so the cost of charging or discharging can be quantified), this term may be non-zero.
This objective function in combination with the storage energy conservation model presented in (3) and variables bounds presented in (4)-(6) form the optimization model that maximizes revenue for the energy storage.
B. Arbitrage and Regulation
The objective function when the storage device participates in arbitrage and regulation is given by:
−rt (13) where P
RU t is the price of RegUp at time t and P

RD t
is the price of RegDown at time t. In many areas, the net energy for regulation is settled at the real-time price. This provides an additional arbitrage opportunity between the day ahead price and the real-time price. We assume that the price P t represents both, the regulation and energy prices in the day ahead and do not take into account real-time revenue. While this does not reflect the actual settlement process, it keeps the optimization from incorporating any arbitrage between the day ahead and the real-time market.
Constraints shown in (7)- (10) complete the optimization problem for maximizing revenue from arbitrage and regulation. The solution is the energy bought and sold at each time step as well as the amount offered into the RegUp and RegDown markets that maximizes the storage unit revenue. For this analysis, we consider RegUp and RegDown as two separate markets. When both types of RegUp and RegDown are combined into a single product, the analysis is simplified.
The next section applies these optimization techniques to estimate the maximum potential revenue for a hypothetical 32 MWh, 8 MW energy storage device at each load zone in ERCOT using historical data from 2011-2013. Note that this represents all annual data available from ERCOT at the time this analysis was performed (historical frequency regulation and energy prices are available for December 1, 2010 forward from the ERCOT web site).
IV. RESULTS
The ERCOT day-ahead market for energy generates settlement point prices (SPP's) for each load zone, hub bus, and resource node. A resource node is the electrical bus where a physical generator is connected. A load zone consists of a group of electrical buses that have been assigned to a load zone for settlement purposes. A map illustrating the approximate regions covered by each load zone is shown in Figure 1 . A hub bus is a group of electrical buses that have been assigned to a hub (typically a 345 kV line). Hub buses are used for trading purposes only. A list of the current hub buses and load zones (LZ) appears in Table II . The North LZ contains the Dallas metropolitan area. Similarly, the cities of Houston, Austin, and San Antonio are encompassed by the Houston LZ, the AEN LZ, and the CPS LZ. The West LZ includes a majority of 2,400MW of wind resources that are currently operational in the panhandle of Texas [14] . This section presents results for every load zone for the following scenarios:
• arbitrage based on perfect knowledge: 2011, 2012, and Figure 2 for the hub bus average. The parameters for a hypothetical energy storage system are shown in Table III . These parameters are consistent with a state-of-the-art energy storage facility and are loosely modeled after the ARRA (American Reinvestment and Recovery Act) funded Tehachapi Wind Energy Storage Plant in California. For this analysis, a discount rate of r = 0 was employed. 
A. Arbitrage with Perfect Knowledge
The arbitrage results for each load zone using perfect knowledge for 2011-2013 data are summarized in Table IV . The revenue was significantly higher for 2011, but this can be largely attributed to two factors that greatly increased energy prices. First, ice storms in February resulted in a loss of generation and rolling blackouts that disrupted service and resulted in a large price increase. Second, record heat over the month of August, coupled with record load levels, yielded extremely high wholesale prices. The larger diurnal swings in 2011, as shown in Figure 2 , can be attributed to these two events. It also should be noted that the location of the energy storage system impacts maximum potential revenue. The West load zone offered the most revenue opportunity, while the remaining zones are roughly comparable. In all three years and across all load zones, the system was charging or discharging approximately 40 percent of the time to participate in energy arbitrage (and idle the rest of the time). 
B. Arbitrage and Regulation with Perfect Knowledge
The arbitrage and regulation results for all load zones using perfect knowledge for 2011-2013 data are summarized in Table V . Again, the revenue for 2011 was significantly higher for the same reason discussed in the previous section (February ice storm and August heat wave in 2011 increased energy and ancillary service prices). In all three years across all regions, the system was performing very little arbitrage (q D and q R are both less than 3%) and participating in the regulation market the majority of the time. This is consistent with results observed in the CAISO market [11] . There is less differential in maximum potential revenue over regions compared to the arbitrage-only case. The West load zone still had the largest potential revenue, but not by a significant margin. This is due to the regulation services having a single price across all of ERCOT at each time period in the day ahead market, eliminating the impact of location on the regulation revenue stream. Hence, differences in revenues can be attributed to the arbitrage services only. V. CONCLUSION
In this paper we have outlined a linear programming optimization approach for estimating the maximum potential revenue from an energy storage system participating in arbitrage and the regulation market. If cost data is available, the same approach can be used to estimate net revenue. Using 2011-2013 price data for the all ERCOT load zones (North, South, West, Houston, RAYBN, LCRA, CPS, and AEN), we calculated the maximum potential revenue from arbitrage and arbitrage combined with regulation using perfect knowledge. These estimates serve as an upper bound on revenue from the two strategies. By looking at data from all load zones over several years, we were able to identify several trends. First, the increase in potential revenue in 2011 can largely be attributed to ice storms in February and a heat wave in August which resulted in price spikes for energy and ancillary services. The potential revenue for 2012 and 2013 are on the same order of magnitude and likely better represent a typical year. Location has a significant effect on potential revenues from energy arbitrage, with the West load zone offering the most potential. When offering arbitrage and frequency regulation services, the optimum strategy is to focus on frequency regulation.
Since there is one price for ancillary services in the ERCOT day ahead market, and this is more profitable than arbitrage alone, the impact of location is greatly reduced. The maximum potential revenue in each load zone was roughly comparable, with the West still offering slightly more opportunity.
